1. Intensive population studies were conducted for 10 years on red grouse (Lagopus lagopus scoticus) and the parasitic nematode, Trichostrongylus tenuis, in northern England. Winter loss was the key factor determining changes in grouse numbers, although breeding losses were also important. 2. T. tenuis had an aggregated distribution within the adult grouse population, even though the degree of aggregation was relatively low compared with other parasite systems. Recruitment of parasites into the adult worm population was dependent on grouse density. 3. Both winter loss and breeding losses were correlated with the intensity of parasite infection. 4. Experimental reduction in parasite burdens consistently increased breeding production and winter survival of grouse thus demonstrating that parasites cause increased winter and breeding losses. 5. The red grouse-T. tenuis system exhibits three conditions that will generate population cycles: (i) parasite-induced reduction in grouse breeding production, (ii) a low degree of parasite aggregation within the grouse population, and (iii) time delays in parasite recruitment.
Introduction
The regular fluctuations in animal numbers known as population cycles have been described and studied in a range of species and are widely believed to be caused by density-dependent regulatory effects acting with a time delay (May 1981) . Competition, predation, parasitism and dispersal have all been proposed as possible density-dependent factors although no mechanism has been clearly demonstrated in a natural animal population.
A number of grouse species are known to exhibit cyclic fluctuations in numbers. For example, the red grouse Lagopus lagopus scoticus (Lath.) exhibits cyclic changes in the number harvested each autumn on upland estates in England and Scotland ( This study concentrates on the effects of T. tenuis on the population dynamics of red grouse in northern England. The objects of this paper are threefold: (i) to describe the dynamics of the grouse -T. tenuis system during a 10-year study and obtain population parameters for both host and parasite; (ii) to identify the key losses from the grouse population and examine whether these were related to intensity of parasite infection; and (iii) to test experimentally the effects of the parasite on the grouse. The companion paper ) uses these details to develop a population model that examines 477 Population dynamics of grouse parasites whether the effects of the parasites are sufficient to cause oscillatory behaviour in red grouse numbers. Mean brood size of treated and untreated females were compared when chicks were 7-8 weeks of age. 
Materials and methods
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Summer recruitment
The uptake of worms during the summer (Fig. 1) is associated with the availability of infective larvae recovered from heather (Hudson & Dobson 1990 ). Summer recruitment was defined as the geometric mean number of worms in immature grouse (Wi) shot during September. Variations between year in the size of this summer infection were positively correlated with minimum July temperature (r = 0-83, n = 10, P < 0.01) but not with rainfall or either maximum or minimum temperature in any one month. Variations between year were also positively correlated with density of grouse (adults and immatures) in the July of the previous year (r=0-844, n=10, P<0.01) and intensity of parasite infection in adult grouse (r= 0-828, n = 10, P < 0.01). Partial correlations found that density in the previous year was more closely associated with level of summer infection when the effects of parasite intensity in adults and July minimum temperature were removed, although this relationship (Fig. 2) relies on a single outlying point (partial correlation with density, r = 078, P <0<02; parasites in adult grouse, r-0v68, P > 0-5; July minimum temperature r=0'70, P<005). In all but one year, levels of winter recruitment were greater than summer recruitment. Year-toyear variations in winter recruitment were neither correlated with weather conditions nor previous levels of infection, but were correlated with density of grouse in the previous July (Fig. 2, r = 0-751 , n = 10, P < 0-01), although this relationship is dependent on one outlier.
KEY FACTOR ANALYSIS
Changes in the size of the breeding population of hen grouse and the overall breeding success, measured as young per hen in July, are shown in Fig. 3 . Regression analysis identified overwinter loss (k1) as the key factor because this explained most of the variation in annual loss. This is perhaps not surprising as k, covered the greatest time period (Table 1, Fig.  4 ). However, with the exception of shooting loss (ko), regression coefficients between total loss and other losses (k1-k4) were also significant (Table 1) While winter loss (kl) was the factor, breeding losses (k2, k3 & k4) were also associated with total loss (see Table 1 ).
Fig. 5).
Partial correlation analysis revealed that overwinter loss was more closely associated with parasite intensity (P) when the effects of density were removed (partial correlation k1 versus intensity of infection with the effects of density removed r = 0-90, P < 0-01, k1 versus log1o female density with the effects of intensity of infection removed, r = 0-71, P < 0-05). Both egg mortality (k3) and chick loss (k4) were positively correlated with mean intensity of parasite infection (Fig. 5, k3 and Individual probabilities combined by x 2= -E 2 log,, Instantaneous mortality rates induced by the parasite (loge(Nj/Nj+1), after Krebs 1989) were estimated from the data presented in Fig. 5 . The slope of the regression of female loss on worm burden provides an estimate of the instantaneous rate of 3 x 10-4 grouse worm-1 year-1 (SE = 5 x 10-5).
PARASITE REDUCTION EXPERIMENTS AND
GROUSE BREEDING PRODUCTION
Female grouse with experimentally reduced parasite burdens consistently produced larger clutches than untreated females; this increase was significant in 4 of 8 years (Table 3a) . Two-way analysis of variance found both a year (F= 3.80, P < 005, df = 7) and a treatment effect (F= 21-16, P < 001, df = 1) but no interaction between the two (F = 0-82, P = 0-54, df = 5). When an analysis of covariance was conducted with mean annual worm intensity as the covariate, then the effects of treatment and year were insignificant. However, worms were significant when considered alone (F = 8 474, P < 0.02, df = 14), suggesting that worms were a major factor reducing the breeding production of red grouse. Hatching success of treated females was significantly greater than controls in 3 of 4 years (Table  3b) . As with clutch size, two-way analysis of variance found both a year (F= 4.72, df = 7, P < 005) and treatment effect (F= 36.8, df = 1, P < 0-001) but with no significant effect with worms as a covariate while overall worms were significant (F = 12*28, df = 14, P < 0-02).
Brood size was greater in each year of treatment. Once again, two-way analysis of variance found P.J. Hudson, D. ewborn & A.P. Dobson * * P < 005; ** P < 0 01; *** P < 0-001 using t-test.
both a year (F= 6.13, df=7, P<0001) and treatment effect (F = 85-8, df = 1, P < 0-001) but with no significant effect with worms as a covariate while overall worms were significant (F = 20*92, df = 14, P < 0.001). These results demonstrate that parasites reduce the breeding production of female red grouse and that differences are consistent between years (Fig. 6) . The experimental data provide a series of replicates from which the instantaneous rate of parasite-induced reduction on grouse productivity can be estimated as 5 x 10-4 grouse worm-1 year-1 (SE = 2 x 10-5). 
Discussion
The intensive monitoring and parasite reduction experiments described in this paper suggest that T. tenuis has a profound effect on the population dynamics of red grouse. Losses from the population were associated with intensity of parasite infection and experimental evidence demonstrates that these associations were one of cause and effect. These data support earlier models which have proposed that T. tenuis is an important agent influencing population changes in red grouse (Potts et al. 1984; Hudson et al. 1985) . Before considering the dynamical consequences of these effects on the grouse population, the data from the monitoring programme and manipulation experiments are discussed. (Hudson & Dobson 1990 ). The experiments demonstrate that parasites are a factor influencing survival and productivity of red grouse, furthermore the consistent relationship between grouse productivity and parasitism in the experimental data illustrates that parasitism is a principal cause of reduced breeding production. Earlier grouse studies in Glen Esk (Jenkins, et al. 1963 ) recorded average levels of infection and breeding production in grouse. Although they did not look for a relationship, the slope of the regression lines of parasites and breeding production was not significantly different to that recorded in this study (F = 0-516, P = 0.48). The hypothesis that parasites reduced breeding production and influenced population cycles on Glen Esk cannot be rejected.
Experiments on wild animals are frequently limited by logistic problems, and during the course of this study only parasite-removal experiments were conducted. Ideally, the experiments should have included a group of birds that had been artificially infected. Experiments with captive grouse have confirmed that addition of parasites will reduce breeding production (Shaw & Moss 1990 ). While results on captive grouse are interesting they cannot be applied directly to conditions in the wild because caecal development and size is significantly different from wild birds (Moss 1972 ).
The anthelmintic used in these experiments to reduce intensity of parasite infection (levamisole hydrochloride) has a broad spectrum and consequently would kill gut parasites other than T. tenuis. It is not a systemic anthelmintic, so would not have killed external parasites such as the sheep tick, Ixodes ricinus (Hudson 1986b,c) . Red grouse are frequently infected with a number of cestode species although analysis of samples have shown these tend to be prevalent principally in late summer (P.J. Hudson, unpublished) and hence are not likely to make an impact on the breeding production or winter survival of grouse. D) show that the parasites' effects on host reproduction must be small relative to their effects on host survival and/or the parasite should be highly aggregated.
Alternatively, with regular and random distributions such a system has no stable equilibrium. In the grouse-T. tenuis system the pattern of parasite distribution exhibits a low degree of aggregation, in most years the variance to mean ratio of parasite distribution was low and in 2 years fell below unity. Even without developmental time delays, the significant impact of the parasites on host breeding production will tend to make the system intrinsically unstable and slight perturbations may lead to damped oscillations. Ultimately, the pattern of fluctuations observed will reflect the balance between the destabilizing effects of parasite-induced reduction in host fecundity and the effects of regulatory factors such as the parasite-induced host mortality, a feature explored in more detail in the accompanying paper .
Within all nematode systems, time delays occur between production of the egg stage and recruitment of infective larvae into the host. If the larvae enter a period of arrested development, or hypobiosis, there may be further delay between recruitment and impact on the host. May & Anderson (1978 Model F) show that the destabilizing effects of the time delay depend on the pattern of parasite distribution within the host population. When this is close to a random distribution, as observed in this system, then even short time delays can generate stable limit cycles. While there will be time delays in the period of recruitment during the period of summer recruitment, the longest time delay will occur during the winter period of recruitment following larval arrestment. Observations and correlations indicate that arrested larval development effectively provides a time delay in the region of 3-6 months. Worm eggs deposited in autumn may develop into larvae which are subsequently ingested by grouse but remain in an arrested form until developing into adult worms in the following spring. This is supported by the experimental studies of Shaw (1988) and . The interesting dynamical consequences of arrestment on the grouse -T. tenuis
